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Abstract 
High performance transparent polymeric materials are of great interests in many fields 
including automotive and electronics. Conventional transparent plastics like polycarbonate 
(PC) and poly(methyl methacrylate) (PMMA) possess relatively unsatisfactory mechanical 
performance, while high performance polymeric systems like solid-state drawn high-density 
polyethylene (HDPE) typically have an opaque appearance, limiting applications where both 
mechanical and optical properties are required. In this study, we successfully combined high 
transparency and high strength in HDPE films by carefully controlling processing parameters 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
2 
 
during solid-state drawing. By tuning the drawing temperature, highly oriented HDPE films 
with a transmittance of ~ 90 % are achieved even in the far field. Greater chain mobility at 
high drawing temperatures is believed to be responsible for fewer defects in the bulk and on 
the surface of the drawn films, resulting in less light scattering and hence high clarity. These 
highly transparent films possess a maximum Young’s modulus of 27 GPa and a maximum 
tensile strength of 800 MPa along the drawing direction, both of which are more than 10 
times higher than those of PC and PMMA. Results showed that a wide processing window 
ranging from 90 °C to 110 °C can be used to tailor the required balance between optical and 
mechanical performance. It is anticipated that these lightweight, low-cost, highly transparent, 
high strength and high stiffness HDPE films can be used in laminates and laminated 
composites, replacing traditional inorganic and polymeric glass for applications in 
automotive glazing, buildings, windshields, visors, displays etc. 
 
Graphical abstract 
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1. Introduction 
When it comes to transparent polymeric materials, polycarbonate (PC), poly(methyl 
methacrylate) (PMMA) and polystyrene (PS) are typically the materials of choice. These 
plastics have a high optical transparency, with transmittance values of 88−92 % in the visible 
light regime. Since they are amorphous polymers, the absence of crystalline regions 
contributes to their optical transparency. However, mechanical properties of these polymers 
in terms of elastic modulus and tensile strength are relatively unsatisfactory, with values of 
only 2−3 GPa and 50−70 MPa, respectively [1, 2]. 
In the case of semi-crystalline polymers like polypropylene (PP) and polyethylene 
terephthalate (PET), transparent products can be manufactured by controlling polymer 
morphology, requiring the dimensions of spherulites to be much smaller than the wavelength 
of visible light. One way to achieve this is by adding nucleating or clarifying agents, as in the 
case of sorbitol-clarified isotactic PP [3, 4]. Furthermore, transparent amorphous PET 
products can be acquired by rapid cooling of the melt to below the glass transition 
temperature (Tg).  
High-density polyethylene (HDPE), another type of semi-crystalline polymer, is one of the 
most commonly used plastics. Approaches for making transparent PP and PET are typically 
not suitable for making polyethylene products transparent because of a too rapid 
crystallization rate and low Tg. Typically, HDPE is processed via injection molding or 
extrusion-based melt processes, leading to isotropic or near isotropic materials and a 
relatively low elastic modulus (< 1.1 GPa) and tensile strength (< 35 MPa) [5]. Cast or blown 
film extrusion of HDPE can lead to transparent products [6-10]. However, such materials are 
often stretched in the melt, meaning that chain entropy and chain relaxation prevents effective 
chain orientation and chain extension. As a result, mechanical properties of such transparent 
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HDPE sheets are typically low, with elastic modulus values of 3-4 GPa and tensile strengths 
of around 100-200 MPa [6-10]. The limited mechanical properties of such extrusion cast or 
blown polyethylene products restricts their application area mainly to packaging. 
Rather than stretching in the melt, a low-cost more effective post-processing method to 
increase the stiffness and tensile strength of polymeric materials, notably polyolefins, is by 
uniaxial drawing in the solid-state at temperatures close to but below the melting 
temperature [11]. For instance, the Young’s modulus and tensile strength of ultra-drawn 
HDPE fibers can be as high as 70 GPa and 1.5 GPa, respectively [12-15]. In the case of ultra-
high molecular weight polyethylene (UHMWPE), solid-state drawing is also widely used in 
combination with solution-processing or solvent-free techniques [16-19]. Here, Young’s 
moduli and tensile strengths have been reported of 100−180 GPa and 2−5 GPa, 
respectively [20, 21]. Uniaxial drawing in the solid-state is effective in improving mechanical 
properties of polymers like HDPE because chain relaxation phenomena are limited or absent 
and hence a high degree of chain orientation and chain extension is generated [22, 23]. 
Similar to isotropic HDPE products, also solid-state drawn HDPE fibers or films are normally 
not transparent. For one thing, the dimensions of the crystals, being larger than the 
wavelength of visible light, and the high degree of crystallinity partially account for the poor 
transparency [24]. Besides, the introduction of internal voiding and defect structures on the 
surface and in the bulk of the fibers or films after ultra-drawing will induce light scattering, 
resulting in a poor transparency in the visible light regime [25]. Hence, resultant opaque 
oriented polymer products have limited applicability in fields like built environment, visors 
and automotive glazing where both high transparency and mechanical properties are needed. 
In a recent study, Shen et al. [26, 27] successfully prepared highly transparent and oriented 
HDPE films by adding small amounts of specific additives like 2-(2H-benzotriazol-2-yl)-4,6-
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ditertpentylphenol (BZT). It was argued that these additives predominantly reduced 
interfibrillar scattering, resulting in an optical transmittance after drawing of around 90 %. 
Moreover, these additive-containing ultra-drawn HDPE films possessed a high modulus (~ 18 
GPa) and a high tensile strength (~ 650 MPa). 
Herein, high transparency and high mechanical performance were simultaneously introduced 
into HDPE films, simply by regulating the drawing conditions without the need to 
incorporate additives. The influence of drawing conditions, especially drawing temperature, 
on optical performance of solid-state drawn HDPE films is systematically explored for the 
first time. Moreover, the current study further investigates the impact of drawing parameters 
on drawing behavior, film morphology, mechanical and thermal properties. 
 
2. Experimental 
2.1. Materials 
Borealis VS4580 (Borealis AG, Austria) was used as high-density polyethylene (HDPE). 
This polymer grade has a melting temperature (Tm) of 134 °C, a pellet density of 0.958 g/cm3 
and a melt flow index (MFI) of 0.6 g/10 min at 190 °C/2.16 kg and 21 g/10 min at 
190 °C/21.6 kg. Clearly, the HDPE grade selected will have a major effect on drawability and 
ultimate mechanical properties of the films. For example, only homopolymer grades without 
long chain branching will lead to high draw ratios and mechanical properties. In this study, 
the HDPE grade selected was based on the seminal work on drawing of HDPE fibers by 
Ward and coworkers [12, 28, 29], and Wu and Black [14]. They performed a comprehensive 
study on different grades to achieve ultimate mechanical properties in melt-spun solid-state 
drawn HDPE fibers. Thermoplastic polyurethane (TPU) ST-6050 sheets were provided by 
Schweitzer-Mauduit International, Inc. (USA). 
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2.2. Preparation of Specimens 
Isotropic HDPE sheets with a thickness of 0.2−0.5 mm were manufactured by compression 
molding using a Dr. Collin P300E (Germany) hot press at 160 °C for 3 min, followed by 
cooling down to room temperature (RT). For optical properties, optical microscopy and 
thermal characterizations, rectangular-shaped samples with gauge dimensions of 20 mm × 10 
mm were cut from these hot-pressed sheets. For surface morphology imaging as well as 
mechanical tests, dumbbell-shaped specimens were cut from these isotropic sheets according 
to ASTM D638 Type V with gauge dimensions of 9.5 mm × 3.2 mm. All these samples were 
then uniaxially drawn at different drawing temperatures from 70 °C to 125 °C in an Instron 
5900R84 (UK) universal tensile tester equipped with an environmental chamber. Drawing 
speed was varied between 100 mm/min to 500 mm/min, although most of the drawing was 
performed at 100 mm/min. Draw ratio was measured by the length ratios before and after 
drawing using ink marker lines initially spaced every 1−2 mm. The average thickness (t) of 
the drawn HDPE samples was calculated by weighing the samples, and using the following 
equation: 
	 = 	

	×		×	
                         (1) 
Where m is the mass of the oriented HDPE films, ρ is the density of the oriented films 
(assuming a crystal density of 1 g/cm3 based on previous research [26, 30]), and l and w are 
respectively, the length and width of the films after solid-state drawing. At least three 
specimens were used for each test. 
Specimens for optical appearance and properties as well as optical microscopy consisted of 
drawn HDPE films sandwiched between TPU interlayers and two glass slides (see Fig. 2(a) 
in Section 3) in order to remove surface scattering from the uniaxially oriented films. 
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Compression molding of this laminated structure was performed using a Rondol (UK) hot 
press at 100 °C for 5−10 min and a pressure of 3 bar. 
2.3. Characterization 
Transmittance spectra of the HDPE/TPU/Glass laminates were obtained using a PerkinElmer 
Lambda 950 (USA) UV-vis spectrometer equipped with an integrating sphere with 100 mm 
diameter in the wavelength range of 400−700 nm at an interval of 1 nm, measured at least 
three times for each sample. UV-vis tests were carried out at a sample-to-detector distance of 
5 cm and 40 cm (see schematic diagrams in Fig. 4(a) and 4(b) in Section 3). Optical 
microscopy of laminates was performed using an Olympus BX60 (USA) microscope in 
transmission-mode. The percentage of area coverage by microvoids in the drawn HDPE films 
was calculated from optical microscopy images using ImageJ software. 
Atomic force microscopy (AFM) images of drawn HDPE films were taken using a NT-MDT 
NTEGRA (Russia) system with a Mikromasch probe. The probe had a resonant frequency of 
around 160 kHz and a spring constant of 5 N/m. The AFM images were captured at a 
frequency of 0.5−1 Hz and a set point ratio of 2.0. The surface roughness of drawn HDPE 
films was calculated from the AFM images by SPIP software analysis. Scanning electron 
microscopy (SEM) of drawn HDPE films was carried out using FEI Inspect F (Netherlands) 
with an acceleration voltage of 5 kV.  
Differential scanning calorimetry (DSC) of drawn HDPE films was carried out using a TA 
Instruments (UK) DSC25. Samples of 5−10 mg were placed in aluminum pans with a single 
heating-cooling cycle performed under a flow of nitrogen gas at a constant heating rate of 
10 °C/min. At least three tests were carried out for each condition. The melting point (Tm) and 
enthalpy of fusion (∆Hf) of the drawn films were obtained from the first heating scan. The 
crystallinity (Xc) was calculated using the following equation: 
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 	= 	


 × 100	%                  (2) 
Where  is the enthalpy of fusion of 100 % crystalline polyethylene crystals, which is 
equal to 293.0 J/g [31]. 
The maximum draw ratio which still produced transparent films was judged by visual 
inspection during the solid-state drawing process. Above a specific draw ratio, whitening 
occurred in the drawn films. The maximum transparent draw ratio (λtrans) was defined at this 
critical point, which was different from the maximum draw ratio (λmax) which was defined as 
the draw ratio at break. Young’s modulus and tensile strength of drawn oriented HDPE films 
were measured using an Instron 5566K1071 (UK) universal tensile tester at a crosshead 
speed of 100 mm/min at RT. Specimens with gauge lengths of 50−100 mm were tested using 
manual wedge action grips. Young’s modulus was calculated from the tangent of the 
engineering stress-strain curve at a strain below 0.5 %. The mean and standard deviation of 
the Young’s modulus and tensile strength were calculated from at least three samples. 
 
3. Results and discussion 
The engineering stress-strain curves of HDPE films during solid-state drawing at different 
drawing temperatures (Td) are shown in Fig. 1(a). With increasing drawing temperature, the 
yield stress significantly drops from 13.8 MPa to 3.6 MPa for drawing temperatures ranging 
from 70 °C to 120 °C. Also, strain hardening behavior becomes less pronounced with 
increasing drawing temperatures. At Td ≤ 110 °C, strain hardening results in stable neck 
formation and homogeneous deformation even at high draw ratios (λ). However, the solid-
state drawing process becomes inhomogeneous with localized necking at low draw ratios 
when Td > 110 °C as a result of the weak strain hardening. In fact, heterogeneous drawing 
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with highly deformed regions and close to non-deformed regions were always observed under 
these conditions and consequently proper and reproducible samples were difficult to obtain 
due to the lack of strain hardening. Fig. 1(b) shows the maximum draw ratio (λmax) and the 
maximum transparent draw ratio (λtrans) as a function of drawing temperature, where λmax is 
related to the maximum extensibility of the molecular network above which further drawing 
would lead to failure i.e., no further orientation would develop, whereas λtrans is the maximum 
draw ratio before ‘whitening’ starts to occur and the film becomes opaque. At Td = 80 °C, the 
highest λmax is obtained for this grade of HDPE, indicating an optimum drawing temperature 
of 80 °C for ultimate mechanical performance. Similar optimum drawing temperatures for 
ultimate mechanical properties of oriented HDPE were also reported by both Jarecki and 
Meier [32] and Capaccio et al. [28]. However, all uniaxially oriented films are opaque at Td ≤ 
80 °C. Conversely, transparent films are obtained at Td ≥ 90 °C. Both λmax and λtrans are 
reduced with further increasing drawing temperatures due to less strain hardening. Hence, 
transparent oriented HDPE films and homogeneous drawing even at high draw ratios were 
obtained in a temperature window between 90 °C and 110 °C. 
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Fig. 1. (a) Stress-strain curves at different drawing temperatures and (b) λmax and λtrans of 
oriented HDPE films as a function of drawing temperature at a drawing speed of 100 
mm/min. The background color change from green to red signifies the transition from 
homogeneous to inhomogeneous drawing and indicates the processing window for creating 
highly oriented polymer films.  
Besides drawing temperature, the drawing speed also influences the solid-state drawing 
process of HDPE films. Both the yield stress and strain hardening increases with increasing 
drawing speed (see Supporting Information Fig. S1(a)). As a result of this increase in strain 
hardening, drawing behavior becomes more stable, leading to an increase in λmax and λtrans 
with drawing speed (see Fig. S1(b)). In accordance with time-temperature equivalence [33] 
this trend is opposite to that of drawing temperature (Fig. 1(a) and 1(b)).  
In order to remove the influence of surface scattering when evaluating the optical properties 
of uniaxially oriented HDPE films, these films were sandwiched between two glass slides 
with TPU interlayers as schematically shown in Fig. 2(a). The chosen TPU interlayers have a 
refractive index (n = 1.50) similar to glass (n = 1.52) [34] and HDPE (n = 1.54) [5], reducing 
the degree of light reflections at the interfaces. After being sandwiched between glass and 
TPU, a more clear appearance with higher transmittance values is observed for the oriented 
HDPE films (Fig. 2(b) and 2(c)), which means that the TPU interlayers successfully 
eliminate the light scattering at the surface of the HDPE films. The thickness of the films also 
affects their optical performance. Thinner films usually possess higher transparency (Fig. S2) 
since they contain fewer defects or dust particles that can scatter light. HDPE films with a 
thickness of ~275 µm after drawing (shown as the blue line in Fig. S2) were drawn from 
compression-molded films with a thickness of around 1 mm. These films still possessed a 
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transmittance of ~81 % at 550 nm. However, above this thickness, with the current set-up it 
became hard to carry out the solid-state drawing process. 
 
Fig. 2. (a) Schematic diagram of the laminated structure consisting of drawn HDPE film 
sandwiched between glass slides and TPU interlayers, (b) photographs and (c) 
transmittance of glass, TPU interlayers sandwiched between two glass slides, drawn HDPE 
films sandwiched between two glass slides with or without TPU interlayers versus visible 
light wavelength tested at a sample-to-detector distance of 40 cm. 
Nearly all studies in the literature that are concerned with optical transparency use 
photographs of sample appearances by positioning the sample at a very close distance to an 
object, often involving placing the “transparent” sample directly on top of a background 
image [4, 35, 36]. However, according to ASTM D1746-15, regular transmittance usually 
refers to the ability of an observer to “see-through” a specimen in order to clearly distinguish 
a relatively distant object, analogous to the visibility of the distant scenery seen through a 
window. Here, the optical appearance of the oriented HDPE films (λ = 15) drawn at different 
temperatures is shown when placed close to an object but also at a relatively far distance from 
an object (Fig. 3). It is shown that the drawn films are completely opaque at Td = 70 °C and 
80 °C. However, when the drawing temperature is increased from 80 °C to 90 °C, the 
appearance of the drawn HDPE films changes from opaque to transparent. Films drawn 
above 100 °C have a highly transparent appearance with little differences in optical 
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appearance. Moreover, the visibility as seen through opaque films (Td = 70 °C and 80 °C) or 
translucent films (Td = 85 °C) when placed at a far distance from an object (Fig. 3(b)) is less 
than when placed close to an object (Fig. 3(a)). It is noteworthy that in the case of translucent 
films drawn at 85 °C, an object is still slightly visible when the HDPE film is placed close to 
the object, whereas it is not at all visible when the film is placed at a distance. This once more 
highlights the importance of evaluating transparency not only at a short sample-to-object 
distance (near field) but also at a long sample-to-object distance (far field). 
 
Fig. 3. Photographs of oriented HDPE films (λ = 15) drawn at different drawing 
temperatures (a) when placed directly on top of an object (near field) and (b) when placed 
at a 40 cm distance from an object (far field). HDPE films were sandwiched between glass 
slides and TPU interlayers. In (b), the films are marked and located between the dashed 
lines. The thickness of the drawn HDPE films is around 80 µm. 
Similarly, also transmittance spectra for solid materials are customarily measured in the near 
field using a short sample-to-detector distance (typically below 5 cm) in a UV-vis 
machine [37, 38]. Here, optical performance was tested at both a short (near field) and a 
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relatively long sample-to-detector distance (far field). For a sample-to-detector distance of 5 
cm, the sample was placed at the entrance port of the integrating sphere (Fig. 4(a)). In this 
case the transmittance spectra contain the light scattered in the forward direction. At a 
sample-to-detector distance of 40 cm, the specimen was placed further away from the 
integrating sphere which gives more relevant transmittance data (Fig. 4(b)). Transmittance 
spectra at both sample-to-detector distances are shown in Fig. 4(c) and 4(d). Transmittance 
values measured at both distances are around 92.0 % for glass and 90.5 % for a single TPU 
interlayer sandwiched between two glass slides. For HDPE film drawn at 110 °C sandwiched 
between two glass slides and TPU interlayers, the transmittance at 40 cm sample-to-detector 
distance is 1−2 % lower than the value measured at a distance of 5 cm. However, differences 
in transmittance as high as 16 % or 28 % are obtained at these two distances for HDPE films 
drawn at 85 °C or 80 °C, respectively. This discrepancy in transmittance values for different 
sample-to-detector distances is in accordance with the optical appearance at different sample-
to-object distances (see Fig. 3(a) and 3(b)). Bearing in mind potential practical applications 
for transparent high strength HDPE films, subsequent optical tests were all performed at a 
sample-to-detector distance of 40 cm (far field). 
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Fig. 4. Schematic diagrams of the beam path inside the UV-vis machine, corresponding to 
two different sample-to-detector distances of (a) 5 cm and (b) 40 cm together with 
transmittance data versus wavelength tested at a sample-to-detector distance of (c) 5 cm 
and (d) 40 cm. Drawn HDPE films (λ = 15) were sandwiched between glass slides and 
TPU interlayers.  
The influence of drawing temperature on transmittance in the visible light range is shown in 
Table 1 and Fig. 5(a). At Td ≤ 80 °C, transmittance values of drawn HDPE films at λ = 15 are 
all below 18 %. Transmittance of the uniaxially oriented films increases to over 75 % when 
Td increases to 90 °C. More importantly, with further increasing drawing temperatures (Td ≥ 
100 °C), optical transmittance can exceed 89 % at high wavelengths within the visible 
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spectrum, which is only 3 % lower than glass (~ 92 %). Higher chain mobility resulting in 
fewer defects at elevated drawing temperatures may account for this increase in transparency. 
However, as illustrated in Fig. S3, transmittance values also gradually decrease with 
increasing drawing speed at similar draw ratio. Accordingly, an optimized combination of 
drawing temperature and drawing speed should be aimed for when requiring high optical 
clarity. 
Table 1. Transmittance values of drawn HDPE films (λ = 15) at different drawing 
temperatures at a wavelength of 700 nm, 550 nm and 400 nm measured at a sample-to-
detector distance of 40 cm. 
Wavelength 70 °C 80 °C 85 °C 90 °C 100 °C 110 °C 120 °C 125 °C 
700 nm 9.3 % 17.2 % 58.5 % 80.5 % 87.1 % 88.5 % 88.9 % 89.2 % 
550 nm 4.3 % 8.2 % 46.6 % 76.7 % 85.8 % 87.8 % 88.0 % 88.9 % 
400 nm 2.5 % 2.8 % 28.8 % 61.5 % 73.1 % 73.8 % 75.5 % 82.0 % 
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Fig. 5. Transmittance of drawn HDPE films (a) at λ
 
=
 
15 at different drawing temperatures 
versus visible light wavelength, (b) at different draw ratios as a function of drawing 
temperature and (c) at different drawing temperatures as a function of draw ratio at a 
wavelength of 550 nm, indicating maximum transmittance at Td ≥ 100 °C and λ = 15. 
Drawn HDPE films were sandwiched between glass slides and TPU interlayers and tested 
at a sample-to-detector distance of 40
 
cm. The thickness of the drawn HDPE films is about 
80
 
µm. 
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It is well known that the most sensitive wavelength to the human eye is around 550 nm 
within the visible spectrum. Fig. 5(b) gives the change in transmittance with increasing 
drawing temperature at this wavelength. Transmittance of drawn HDPE films at λ = 15 is 
significantly improved within the Td range of 80−90 °C. Transmittance becomes even better 
(≥ 86 %) for Td ≥ 100 °C, with films showing a consistent tendency of improved optical 
clarity with increasing drawing temperature. 
Fig. 5(c) further demonstrates the influence of draw ratio on optical transparency of drawn 
HDPE films. It is shown that for all drawing temperatures, transmittance is maximum at 
around λ = 15, with transmittance decreasing at higher draw ratios. The initial increase in 
transmittance is most likely related to the change in polymer morphology from an isotropic 
spherulitic structure to an oriented structure [39]. The slight decrease in optical properties at 
high draw ratios can be attributed to the formation of defects in a highly fibrillar structure, 
leading to light scattering. The observation of an optimum draw ratio for high transparency is 
in accordance with previous research in the area of transparent HDPE films using additives to 
enhance transparency [26]. Another remarkable observation is that transmittance values of 
drawn HDPE films show only little improvement for Td ≥ 100 °C for each draw ratio, 
indicating that a plateau in optical transparency is reached around this temperature.  
The outcomes of these optical experiments indicate that by simply raising the drawing 
temperature in the solid-state drawing process, transparency of oriented HDPE films can be 
significantly enhanced. For the purpose of exploring the mechanism behind this improvement 
in transmittance with increasing drawing temperatures, optical microscopy images of drawn 
HDPE films at different Td were taken (Fig. 6). It can be seen that a number of parallel 
interfibrillar microvoids along the drawing direction are present in films drawn at 70 °C and 
80 °C. As a result, less light can penetrate through these films due to light scattering effects 
by these microvoids which contributes to the darkened images. When Td is raised to 90 °C, 
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the amount of parallel interfibrillar microvoids clearly diminishes. The area covered by these 
parallel microvoids as quantified by ImageJ software drops from 42.7 % at Td = 80 °C to 4.2 % 
at Td = 90 °C. This implies that more light can pass through films produced at Td = 90 °C 
because less light is scattered, resulting in a much brighter image. The number of interfibrillar 
microvoids is even further reduced for Td ≥ 100 °C, with only 0.1 % coverage by parallel 
microvoids at Td = 120 °C. This is consistent with the highly transparent appearance and high 
transmittance values of films drawn at high temperatures (see Fig. 3 and 5). 
 
Fig. 6. Optical microscopy images of drawn HDPE films (λ = 15) at different drawing 
temperatures taken at the same light intensity in the optical microscope, showing a 
reduction in parallel microvoids with increasing drawing temperature. Drawn HDPE films 
were sandwiched between glass slides and TPU interlayers.  
AFM images in Fig. 7 reveal the surface structure of drawn HDPE films (λ = 15) at a 
drawing temperature of 80 °C and 110 °C. The films drawn at Td = 80 °C display obvious 
fibrillar and wrinkled surface structures (Fig. 7(a)), with an average surface roughness (Sa) 
of 118 nm. According to Peterlin’s molecular model of the drawing of polyolefins [39, 40], 
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the morphology of semi-crystalline polymers will change from a spherulitic structure to a 
newly generated fibrillar structure during drawing. In comparison, films drawn at Td = 110 °C 
reveal a smoother surface structure (Fig. 7(b)) with a lower average surface roughness (Sa) of 
89 nm. We think that this reduction in surface roughness at high drawing temperatures is the 
result of higher chain mobility and relaxation at these elevated temperatures [41, 42]. 
 
Fig. 7. 2D and 3D AFM images of drawn HDPE films (λ = 15) drawn at (a) Td = 80 °C and 
(b) Td = 110 °C, showing a smoother surface morphology at higher drawing temperature. 
SEM images (Fig. 8) further reveal the change in surface morphology of HDPE films (λ = 15) 
drawn at 70−120 °C. With increasing drawing temperatures, the fibrillar microstructure with 
fibrils along the drawing direction appears less pronounced and the width of the fibrils 
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broadens. We believe that higher drawing temperatures will give rise to relaxation of oriented 
chains, facilitating the mobility of polymer chains as well as reducing the separation of fibrils 
in drawn HDPE films [25]. The decreasing number of interfibrillar voids then contributes to 
reduced interfibrillar scattering, and hence enhanced transparency together with an optically 
clear appearance at higher drawing temperatures. 
 
Fig. 8. SEM images of drawn HDPE films (λ = 15) at different drawing temperatures, 
showing less interfibrillar defects with increasing temperature. 
In terms of thermal properties, the melting temperatures (Tm) of drawn HDPE films fluctuate 
at around 141 °C for Td = 70−125 °C and therefore Tm can be regarded as independent of 
drawing temperature for a draw ratio of 15 (see Fig. S4(a)). It signifies that drawing 
temperature has limited impact on thermal properties of drawn HDPE films at this draw ratio, 
which is in agreement with previous studies [32]. However, crystallinity (Xc) did slightly 
increase (~ 5 %) with increasing Td. 
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To further investigate the effect of draw ratio on films’ optical performance, optical 
microscopy and SEM images of drawn HDPE films with different draw ratios at Td = 110 °C 
are shown in Fig. 9 and 10, respectively. It is found that the number of microvoids parallel to 
the drawing direction increases markedly above λ = 20 (see Fig. 9), with 0.4 % area coverage 
by parallel microvoids at λ = 15 and 1.5 % coverage at λ = 30. The increase in parallel 
microvoids explains the reduced transparency for drawn HDPE films of high draw ratios (λ > 
15) because of the induced interfibrillar light scattering. Similar changes in transparency at 
high draw ratios were also observed in solid-state drawn polypropylene (PP) tapes [43] and 
poly(lactic acid) (PLA) tapes [44]. Furthermore, significant microcracking perpendicular to 
the drawing direction (indicated by the circles in Fig. 10) can be seen in SEM images at λ ≥ 
20, which may also lead to severe light scattering inside the films and hence a decrease in 
transparency. Similar perpendicular cracking and associated changes in appearance from 
transparent to opaque were also observed by Schimanski et al. [43] for PP. These 
perpendicular microcracks, which are often associated with overdrawing, also restrict further 
deformation and orientation of molecular chains, resulting in a trend of decreasing λmax and 
λtrans above Td = 80 °C (see Fig. 1(b)). Microvoids along the drawing direction occur at 
relatively low drawing temperatures or at relatively high draw ratios and are predominately 
present in the bulk of the oriented films [26]. Hence, they hardly present in SEM images (Fig. 
8 and Fig. 10) but do show in optical microscopy images under transmission-mode (Fig. 6 
and Fig. 9). In conclusion, microvoiding both along and perpendicular to the drawing 
direction of the polymer films induced at relatively low drawing temperatures (Td ≤ 80 °C) or 
high draw ratios (λ ≥ 20) will increase the amount of light scattering inside the drawn HDPE 
films, hence leading to a deterioration in transparency. With respect to thermal properties, 
both Tm and Xc gradually increase with increasing λ. In Fig. S4(b), the increase in Tm and Xc 
between HDPE films (λ = 30) drawn at 110 °C and the original isotropic hot-pressed film is 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
22 
 
shown to be 5 °C and 12.5 %, respectively. Based on previous studies [45, 46], this can be 
explained by orientation of the amorphous phase during drawing, leading to an increase in 
density of the amorphous region. As a result, chain relaxation is hindered by the dense chain 
packing and taut tie molecules during heating, and consequently results in the increase of Tm 
and Xc. 
 
Fig. 9. Optical microscopy images of drawn HDPE films with different draw ratios at Td = 
110 °C taken at the same light intensity in the optical microscope, showing an increase in 
parallel microvoids at high draw ratios. Drawn HDPE films were sandwiched between 
glass slides and TPU interlayers. 
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Fig. 10. SEM images of HDPE films drawn at Td = 110 °C at different draw ratios, 
showing a clear increase in defects at high draw ratios. The circles mark the microcracking 
defects perpendicular to the drawing direction. The inset in the image for λ = 30 shows a 
higher magnification image of this type of microcracking defect.  
The Young’s modulus and tensile strength of drawn HDPE films along the drawing direction 
are shown in Fig. 11 at different drawing temperatures and draw ratios. First, with increasing 
draw ratio, elastic modulus and tensile strength along the drawing direction are improved as a 
result of the unfolding of molecular lamellae and high degree of chain orientation induced by 
solid-state drawing. Young’s modulus is independent of drawing temperature for Td ≤ 100 °C 
and draw ratios between 10 and 20 (Fig. 11(a)), with modulus values of around 19 GPa for 
drawn HDPE films at the highest transparent draw ratio (λ = 15). Moreover, a modulus of 
around 27 GPa can be achieved for drawn HDPE films at λ = 20 and Td = 80−100 °C owing 
to the formation of taut tie molecules induced by the deformation and orientation of polymer 
chains in the drawn films [39]. These well-oriented tie molecules effectively connect 
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crystalline regions and therefore contribute to a high modulus. For drawing temperatures 
below 100 °C, the tensile strength is about 650 MPa and 800 MPa at λ = 15 and λ = 20, 
respectively (Fig. 11(b)). Nevertheless, both modulus and strength drop with increasing Td 
above 100 °C at high draw ratios, with values of around 24 GPa and 700 MPa for λ = 20 at Td 
= 110 °C, respectively. This decrease in modulus and strength along the drawing direction is 
the result of a higher degree of molecular chain relaxation at higher drawing temperatures, 
and therefore a reduction in the number of taut tie molecules and degree of molecular chain 
orientation. In addition, the development of parallel microvoids and perpendicular 
microcracks at high draw ratios can also contribute to this reduction in properties [25, 32] 
(see Fig. 9 and 10). Uniaxially oriented polyethylene films and fibers are highly anisotropic 
and mechanical properties of ultra-drawn polyethylene films perpendicular to the drawing 
direction are typically low. As measured in some of our earlier work [47], the Young’s 
modulus and tensile strength perpendicular to the drawing direction of polyethylene tapes 
with a draw ratio of 20 is around 2 GPa and 15 MPa, respectively. Our drawn HDPE films (λ 
= 20) are expected to have similar values of modulus and strength in transverse direction.  
Clearly, depending on the required performance, an optimum combination of optical and 
mechanical performance can be obtained after carefully tuning draw ratio and drawing 
temperature. For instance, if high mechanical performance is preferred, a draw ratio of 20 
should be used, yielding a much higher modulus and strength at similar optical transparency 
(see Fig. 5(c)). Thus, depending on specific applications, transparent and high strength HDPE 
films can be achieved within a wide processing window for solid-state drawing between 
90 °C and 110 °C. 
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Fig. 11. (a) Young’s modulus and (b) tensile strength of drawn HDPE films along the 
drawing direction at different draw ratios as a function of drawing temperature. (c) 
Comparison of specific strength, specific modulus and the appearance of common 
transparent materials together with previous transparent HDPE films with BZT 
additives [26] and our solid-state oriented HDPE films along the drawing direction. The 
background color change from grey to blue indicates the transition from opaque to 
transparent films. 
A major advantage of polyethylene over most other solid materials is their low density (ρ ≈ 1 
g/cm3), which leads to high values of specific strength (tensile strength divided by density) 
and specific modulus (elastic modulus divided by density) of ultra-drawn polyethylene fibers 
and films. The specific strength and modulus of our transparent HDPE films along the 
drawing direction are as high as 800 MPa/g·cm-3 and 27 GPa/g·cm-3 and are similar to values 
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for high strength glass fibers. The specific modulus of the transparent films is also similar to 
that of a classic engineering material like aluminum, while its specific strength is about 7 
times higher as aluminum. The specific strength and modulus of common transparent 
materials like sheet glass, PMMA, PC and PS, drawn HDPE films with BZT additives 
produced by Shen et al. [26] together with our current transparent solid-state drawn HDPE 
films along the drawing direction produced by tuning drawing temperature are shown in Fig. 
11(c). Sheet glass including laminated glass, tempered glass or toughened glass like Gorilla® 
glass has a relatively low specific strength due to its high density (ρ ≈ 2.5 g/cm3). In 
comparison, polymers usually have lower densities around 1−1.5 g/cm3. Commercial 
transparent polymeric materials such as PMMA, PC and PS typically possess specific moduli 
of around 2−3 GPa/g·cm-3 and specific strengths of 40−60 MPa/g·cm-3. However, our highly 
transparent solid-state drawn HDPE films have a specific strength which is more than 10 
times higher than both traditional sheet glass and traditional transparent polymeric materials, 
and also about 20 % higher than previous drawn HDPE films where transparency was 
induced through the addition of additives like BZT. Hence, our optimized solid-state drawn 
HDPE films successfully combine high transparency with lightweight, high strength and high 
stiffness, making them of interest for a wide range of applications. Potential applications of 
these high strength polymer films and their composite laminates reside in automotive glazing, 
windshields, displays for electronic devices, glazing for buildings, protective windows, visors 
and so on. Moreover, such oriented films or tapes could form the basis for a whole new range 
of transparent ‘self-reinforced’ or ‘all-polymer’ composites [48-51].  
Apart from drawing parameters such as drawing temperatures, draw ratios and drawing 
speeds, other factors including molecular weight, molecular weight distribution, long chain 
branching and crystal characteristics (e.g. lamellar thickness and cell parameters) will also 
have a remarkable influence on transparency, drawing behavior and ultimate mechanical 
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performance of the drawn HDPE films [12, 25, 29, 32, 52]. Further research should place 
more emphasis on these aspects. Moreover, in future the manufacturing of the HDPE films 
should also be carried out using more industrially relevant processes such as cast film 
extrusion and in-line drawing. This is the topic of a future paper and includes the effect of 
shearing and pre-orientation of the melt prior to drawing on ultimate drawability, optical and 
mechanical properties [53]. 
 
4. Conclusions 
Transparent, glass-like HDPE films with outstanding mechanical properties were successfully 
prepared by solid-state drawing at elevated temperatures without the need of additives. The 
underlying mechanism and the effect of various parameters were systematically explored.  
HDPE films drawn at Td ≥ 90 °C had a transparent appearance, with a maximum 
transmittance of nearly 90 % at higher drawing temperatures. Increasing drawing 
temperatures led to higher transmittance values, however at the expense of mechanical 
properties, resulting in a practical drawing temperature window for transparent high strength 
HDPE films of 90−110 °C. Optical transmittance of the solid-state drawn HDPE films was 
optimum for a draw ratio (λ) of 15. Morphological observations revealed a reduction in 
microvoids parallel to the drawing direction with increasing drawing temperature most likely 
due to greater chain mobility and the formation of less interfibrillar defects. Microcracking 
perpendicular to the drawing direction was observed after ultra-drawing (λ ≥ 20), leading to 
severe light scattering and reduced transparency in these highly fibrillar structures. At a 
drawing temperature of 90 °C and 100 °C, transparent solid-state drawn HDPE films (λ = 20) 
exhibited excellent mechanical properties with a maximum Young’s modulus of 27 GPa and 
a maximum tensile strength of 800 MPa along the drawing direction. Thus, through carefully 
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controlling drawing parameters, especially drawing temperature and draw ratio, highly 
oriented HDPE films could be obtained with high levels of optical clarity without the need 
for additives combined with mechanical properties which are more than 10 times greater than 
those of common transparent polymers like PC, PMMA and PS. Such transparent solid-state 
drawn HDPE films and further fabricated laminated composites can potentially replace 
traditional laminated glass as well as commercial transparent polymeric materials, and are 
therefore of interest for a wide range of applications including windows and glazing, 
windshields, visors, displays etc. 
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Highlights: 
• Highly transparent polyethylene films are produced by adjusting drawing temperature 
• The effect of drawing conditions on optical properties is systematically studied for the first 
time 
• The films show a comparable transparency as traditional inorganic and organic glass 
• The films possess high specific mechanical properties as glass fiber 
